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ABSTFACT 

Homonuclear diatomic molecules are classified according  to the ratio 

oC^H^vap.MVDSCMg).     For  transition elements4H°(vap.M)A-BZi ^TJ^ (M). 

XJ£I (M)  Is the excitation energy of  the  free atom to a set of electronic 

levels;   A and B are empirical parameters.    Experimental conditions for 

observing unknown homonuclear diatomic molecules of transition elements are 

estimated  forOf=2 and 3i  using a calculated self-consistent set of free 

energy functions. 
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FIGURE EXPLANATIONS 

Fig.l-  a = AH0(vap.M)/D0(M2) vs  Z where AH°(vap.M) is the 

heat of vaporization of the monoatomic species, D (M_) the 

dissociation energy of the symmetric diatomic molecule and Z 

the atomic number. Triangles (A ) indicate elements for which 

0.5 ^s a ^1.0, crosses (X) those for which 1.2^.a^t2.5 and 

circles ( O ) those for which a^5. 

Fi g.2— Measured (O) and calculated (x) heats of vaporization 

in kcal/mole for the elements ranging from Ca to Zn. 

AH 
0(vap.M)  ,  = 178 - 0.5 ^.C.(M) where  Jl.C.(M) is the 
o   '   calc i iv '        •^i iv ' 

a  a—1 1   a—2 2 
sum of the excitation energies to the lowest d , d   s , d   s , 

^a-2 1 1 i   i   r   .u a        s p  levels oi the atom. 

Fig.3-  Measured (o) and calculated (X) values of Lll   (vap.M) 

for Ni, Pd, Pt and elements of groups IB and IIB. Values are 

calculated according to the equation: 

AU0(vap.ll) = 131 - l/4 ^,. £.(M) 
o   r '    11 

The ground state and the excited states yielding a total of two 

d, one s and one p bonding orbitals are the following : 

Ni« 3dÖ4s2(3F)(two d); 3d848(2D)4p(3F)(one s, one p) 

Cu:   3d3048(2S)(one   s);   3d104p(2P)(one   p);   twice   3d94B2(2D)(one   d) 

Zn;   3d104s2(1S);   3d104s4d(1D)(one   s,   one   d);   3d94824p(1P)(one   d,   one   p) 

Pd:   4d10(1S);   4d958(3n)(one   8,one   d);   4d95p(3P)(one   d,   one   p) 



FIGURE EXPLANATIONS  (CONT'D) 

102 102 9     2   2 
Ag:   4d     5s(   S)(one   s)54d     5p(   P)(one   p);twice   4d  48   (   D)(one   d) 

Cd:   4dJ05s2(1S);4d10565d(1D)(one   s,   one   d);4d95s25p(1P)(one   d,one   p) 

Pt:   5d   6s(   I))(one   d,one   s) ;5d   6p(X)(one   d,   one   p) 

Au: 5d106s(2S)(one s);5d106p(one p);twice 5d96s2(2D)(one d) 

Hg: Sd^ös^^) ;5d106s6d( ^Xone s,one d) ;5d96s26p( 1P) ( one d,one p) 

Fig.4-  Energy level diagrams for V and Mn. The levels indicated 

correspond to the heat of vaporization, AH (vap.M), to atoms 

a-2 2 
in their ground state: d   s ; to atoms in excited states: 

d   s , d   s p  and d ; and to atoms in a promoted configura- 

tion; AH0(vap.M) + 1/2 ]E-.e.(M): where Zl. e.(M) is the sum 
or       '     11 11 

of the excitation energies to the levels indicated. 11 is the 

number of peripheric electrons of the elements considered 

(a = 5 for V and a = 7 for Mn). 

vi 



SUMMARY 

In this paper two correlations are proposed. The first 

correlation classifies the fortj odd known homonuclear diatomic 

molecules according to the ratio a = AH (vap.M)/D (M2) (heat 

of vaporization of an atom/dissociation energy of the diatomic 

molecule). Values of a = 0.5 to 1, 1.2 to 2.5 and > 5 cor- 

respond to three categories each consisting of several whole 

groups of elements. The significance of this classification 

is discussed qualitatively. 

The second correlation shows that /Vl (vap.M^ can be o   ' 

closely represented by A - B*E.f. (M).^6 (M) is the energy 

necessary to excite the atoms to a promoted "configuration" 

composed of equal contributions of a well defined set of low 

lying electronic states of the free atom. A and B are empirical 

parameters. One set of electronic states is taken for Ca to Ni, 

Sr to Pd, and Ba to Ft with B = l/2 and A = 178, 206., 230 kcal/ ati 

respectively ; another set of electronic levels and 

A = 131 kcal and B = l/4 represent AH0(vap.M) for Ni, Cu, Zn 

Pd, Ag, Cd, Pt, Au, Hg. 

Using the first classification, the experimental condi- 

tions are estimated for observation of the yet unknown homonuclear 

diatomic molecules of the transition elements. For this purpose 

a self consistent set of free energy functions has been calculated. 

Manuscript released by authors April 1962 for publication as an WADD 
Technical Documentary Report, 



1. Introduction. 

Of the ninety odd possible homonuclear diatomic mole- 

cules, classical chsmietry had identified about a dozen and 

had succeeded in measuring only a few of their dissociation 

energies, D (M„). In the twenties and thirties, many other 

molecules of this type were discovered by optical spectro- 

scopy and in  many  cases accurate values of dissociation 

energies were measured. In the last decade, further homonu- 

clear diatomic molecules have been discovered, principally 

by mass spectrometry, and the dissociation energies of these 

as well as of some previously known molecules have been obtained 

Lattice energies, AH (vap.M), on the other hand, are relati- 

vely well known for practically all elements : in many cases 

to 5%  and better. 

The purpose of this paper is to establish a correlation 

between AH (vap.M) and D (iL) and a correlation between 

AH (vap.M) and the position, Z,of an element in the periodic 

table. 

These correlations are based on the presently available 

( 1 —2 fi ^ 
dissociation energies and heats of vaporization   ~   listed 

in table 1. Up to Rn(Z = 86) quite satisfactory D (M0) are O  c 

available for about 40 molecules ; seven rare gases do not 

form physically stable molecules ; the gaseous homonuclear 

diatomic molecules of 24 transition metals and 14 rare 

earths are as yet uncharacterized and give rise to a large 

gap in our knowledge. 



While a few years ago the existence or observation of 

metal-metal molecules would have been surprising, today many 

such molecules have been observed and there is no reason 

to believe that like metal  atoms cannot combine to form a 

molecule with a stable ground state. In fact, in cases already 

observed, interatomic forces are quite large and give rise 

to appreciable dissociation energies. As shown in table 2, 

the dissociation energies of the group IB molecules are 

comparable to those of the halogens. 

It should be noted that even though D may be large, 

the vapor phase concentration of molecules can be quite 

(27) 
small. Kronig    had proposed to distinguish between 

physical stability, i.e. D , of a given species and some 

measure of the concentration characteristic of its chemical 

stability. It is useful to introduce a quantitative measure 

of this latter magnitude and to define the term chemical 

stability as the free energy change for the most favorable 

net reaction of formation of the molecule. In the case of 

many metal-metal molecules, the physical stability is great, 

but experimental conditions practically never give rise to 

high concentrations of the molecules ; their chemical stability 

is always low. 



It is therefore of great practical importance to know 

the experimental conditions under which yet unknown symnetric 

diatomic molecules might be observed. For this purpose a set of 
G 

free energy functions have been estimated systematically, and 

the temperatures at which observable  ratios p(molecule)/p(atom) 

may be expected have been calculated using the correlation found 

between AH (vap.M) and D (M0). ov  r  '      o2 

2. Correlation between dissociation energy and lattice energy, 

a) The correlation. 

For the elements Li, Na, K, Rb and Cs, whose molecules were 

(28) 
known already in the thirties, Pauling     observed that 

a = AH°(vap.M)/D°(M2)^ 1.5 (l) 

was almost constant. 

(16) 
When existing data for Cu2, Ag2 and Au2 were verified 

it was noted that a for this group was 1.8 - .1. This prompted 

calculation of a for the remaining diatomic molecules. 

When a is plotted as a function of Z (Fig.l), three distinct 

almost horizontal bands are observed. Members of those bands 

which we call "categories" have similar electronic struc- 

ture s J 

the first category 0.5 £ a ^ 1.0, includes elements 

of groups VB(82p3), VIB(s2p4) and VIIB(s2p5) ; 



t'he second category, with 1.2 £ a 4. 2,   includes elements 

)f groups IA(s*), IB(d10s1), IIIB(s2p1) and IVB(82p2) ; 

the third category, with a-it 5, includes elements of 

ps IIA(s2) and IIB(d10s2). 

For category 1, D0 varies from 225(N„) to 36 kcal/mole 

(Ig) while a varies from 0.5(N) to l(Bi). For category 2, 

0° varies from 142(C2) to 10.8 kcal/mole (Cs2) while a varies 

from 1.2(C) to 2.6(ln). In both categories a is seen to increase 

systematically as one descends in the Periodic Table, but this 

increase is very small relative to the decrease of D (M-). 

Some finer trends may be observed in Fig. 1 t there 

2 3 
seems to be a slight systematic decrease in a from s p 

24      25 21     1      22 
to s p  and s p , also from s p  to s  and s p . The irre- 

gularities in group IIIB(A1) and IVB((}e) may well be due 

to experimental inaccuracies. 

The case of Cu, Ag and Au deserves closer attention. 

Starting with Cu, AH  decreases from 80.8 kcal/mole to 68.3 for 

Ag, then increases to 87.3 for Au. The values of D  are respec- 

tively 45.5, 37.6 and 51.5 kcal/mole with an uncertainty in the 

relative values of less than - 2 kcal/mole. The resulting a, 

with an experimental uncertainty of only about — bfo  are 

1.79, 1.82 and 1.70 and are seen to be sensibly constant. Further- 



more it should be noted that a for K, Kb and Cs also is 1.8 - 0.05 

even though D  is 4 to 5 times smaller than for IB group 

molecules. 

b) Significance. 

The value a = 0.50 for light molecules of category 1 

means of course that intermolecular bonding in the crystal 

lattice is completely negligible compared to the bond in the 

molecule. As one descends in the periodic table a increases 

towards 1, showing that the bonding to neighbouring atoms in 

the crystal lattice becomes as important as the bond in the 

molecule. It could be admitted that this is due as well to 

the influence of d—electrons as to that of the polarizability 

of these large atoms. This could be decided probably only by 

more quantitative estimates which are beyond the scope of 

this paper. 

On the other hand, for the category 3 elements, with 

2/ 1  \ 
the quasi rare gas electronic configuration s ( ^n'' one 

assumes that bonding in the gas phase is due to Van der Waals 

interactions or slight mixing with excited states causing a 

shallow potential minimuci in what otherwise would be a repul- 

sive curve. In the metal however, the bonding occurs presu— 

(29) 
mably between atoms in a promoted configuration    . Thus 

the two phases have rather different types of bonds hence the 



high values of a (y  5) observed in category 3. These values seem 

to show much larger and more irregular variations than those 

of categories 1 and 2. Whether this is a property of this 

category, or is due to the experimental inaccuracy of the 

correspondingly low D  values is difficult to judge. 

It is for category 2 that the correlation becomes really 

significant. The a values for group IA have been explained by 

(28) 
Pauling     by assuming that the bonds in gas and metal are 

quite similar. In the gas, the s electrons of each atom combine 

to form the usual £7" type covalent bond. In the metal this same 
i s 

bond/assumed to exist, but has a small amount of p character, 

and the increase of bond energy per atom pair in the metal is 

due to the "resonance" of the bond among the 14 nearest and 

next nearest neighbors. 

On the basis of extensive data for the magnetic and 

physical properties of the metals, Pauling^    has hypothe- 

sized that bonding in the metal is due to hybridization of 

all of the ns, np and (n-l)d orbitals. According to this theory, 

7 13 
the metal bond in group IB would have 2öf-   (d s p ) and 72% 

8 12 
(d s p ) character and a valence of 5.56. The decrease, then 

increase in atomization energy in going from Cu to Ag to Au 

would be due to differences in accessibility of excited states. 



In accordance with this idea, the lowest lying excited 

levels in Ag are much higher than in Cu or Au. This hypo- 

thesis plus the argument used in the case of Group IA implies 

that the bonds in the gaseous molecules have a great deal of 

p and d character. Presumably, this hybridization explains 

why the group IB gaseous molecules are so much more stable 

than those of group IA. In the case of B and Al the configu— 

2 
ration to be assumed for the condensed phase bond is sp , 

9 13 
(valence 3) while for Ga and In it is d s p  combined with 

d  s p (valence 3.56). Hence here again the gaseous mole- 

cules are inferred to have bonds with mixed s and p character 

and the valence of the gaseous molecules would be inferred 

to be greater than unity and  probably closer to the value 

3.56 and 5.56 for groups IIIB and IB. These surprisingly 

high valencies would satisfy nicely the correlations between 

vibrational force constant and bond order advanced by 

n v,      (31)    ^ v.  r  ^ (32) Guggenhesmer     and by Gordy 

3. Correlation between heats of vaporization of the transi- 

tion elements and the promotional energy of the atoms. 

Bonds of high valency by hybridization of orbitale 

have been assumed by Pauling     to explain various properties 

8 



.1 

(33) 
of solid metals.  Sheline     has made qualitative correlations 

between excitation energies of low-lying electronic states of 

the transition element atoms and the force constants of their 

diatomic gaseous hydrides. However, this correlation with an 

"excited'configuration" does not seem to have been used for a 

quantitative representation of lattice energies. 

The variation of heats of vaporization in the third, fourth 

and fifth periods of the periodic table appear at 

first sight to be highly irregular (e.g. Figs 2 and 3). 

Similar trends in the stability of the corresponding solid 

carbides, silicides, nitrides, oxides and sulfides have been 

( f\A) 
pointed out by Krikorian     and a similarity of the bonds in 

these compounds and the metals has been assumed. 

A plot of the excitation energies (e) of low lying elec- 

tronic states of the elements of these periods, vjs.Z   shows 

however breaks which actually match some of the breaks in the 

plot AH (vpp.M) vs. Z. If the assumption is made that the 

excitation energy to a configuration of high valency can be 

obtained as some average of the excitation energy to low- 

lying excited electronic states, a situation is found as 

shown in Fig.4 for the example of V and Mn. Whereas the heat 

ßi 



of vaporization from V to Mn drops from 122 to 67 kcal/g. atom, 

the aura: heat of vaporization plus half of the sum ot excitation 

energies to the three states (d , d   s , d   s p ), is constant 

within 4 kcals/g. atom. In the designation of excited states 

a represents the difference between the atomic number (Z) of  the 

element and the atomic number of the  preceding rare gas. 

The lattice energies of the elements from Ca to Zn, from Sr 

to Cd, and from Ba to llg may thus be represented by 

AH0(vap.M) = A - BUE . (M) (l) 

where the parameter Ais the energy necessary to bring one atom 

from the crystal lattice into a promoted configuration and 

the parameter B characterizes the contribution of the different 

electronic states of the free atom to the energy of this promoted 

configurati on. 

Use of this equation is tantamount to the assumption that 

the bond energy of the promoted configuration in the lattice 

is constant for the elements of a given period. 

For the period Ca to Ni, B = 0.5 has been chosen by trial 

and error. Then the best fit is obtained for A = 178 kcals/g 

atom. Measured and calculated values of AH (vap.M) are displayed 

in Fig.2. The maximum disagreement, of the order of 15 kcals/mole 

occurs for Ca, Cr and Ni. This might be explained by the electronic 

configuration of these elements: Ca having no d electrons 

10 



in its ground state is not a transition element, Cr( S„) , 

in contrast to the other elements of the third period has 

id. A 
a,  d       S     structure in its ground state, and Nl has a d 

level which corresponds to a complete d subshell, and is 

therefore a non-bonding state. 

This correlation, as seen above, cannot be properly 

applied to Ni, Pd and Pt. It is therefore even less applicable 

to elements of groups IB and IIB. Owing to the significant 

differences in the electronic configurations of the three 

groups of elements, no coherent set of common electronic states 

can be found, and a different application of eq.1 was therefore 

expected. 

For these elements the term^.e.(M) was chosen to represent 

the energy necessary to e\cite the atoms to a set of states 

which yield, with the ground state, a total of two d, 

one s, and one p bonding orbitals. The excited states used foh 

the different elements are given in the legend tr fig.3, 

which displays measured and calculated values of AH (vap.M) 

for Ni, Cu, Zn, Pd, Ag, Cd, Pt, Au and Hg. 

The best agreement is achieved with A = 131 kcals/mole and 

B = V4, which is in keeping with random spin concepts. Even 

though the enthalpies vary from over 100 to 15 kcals/mole. 

11 



measured and calculated values, except for Ft, agree within 

10 kcals/mole. This correlation also accounts for the surpri- 

sing decrease and then increase in AH (vap.M) in going from 

Cu to Ag to Au. 

For the transition elements of the other tiro long periods, 

the correlation is less definite than for the third period, 

the electronic levels, d   s , d   sp, d   s and d  being less 

well known. Keeping B = l/2 constant values of A = 206 and A = 

250 kcals/mole give the best agreement for periods 4 and 5 

respectively. Certain features of the known empirical data are 

well correlated as for instance the shift of the maximum of 

AH (vap.M) from group VA in the third and fourth periods 

(V, Sh)   to group VIA(W) in the fifth period. 

An extension of the present considerations to compounds 

(35) 
seems promising and is being undertaken no»r   . Similar 

(23) 
regularities seem to exist     also for heats of vaporization 

of the rare earth elements and oxide's, with breaks in the plots 

of AH (vap.M) _vs. Z at or near the point of the one half filled f^ 

shell ; the complex spectra of the rare earth elements however 

do not permit one to propose a simple correlation. 

It is believed that this is the first quantitative 

correlation which, with a good approximation, represents the 

trends of lattice energies in an important part of the periodic 

12 



table.Perhaps the empirical choice of the states made in these 

correlations could be justified and further refined by a theoreti- 

cal study of the problem. That excited states of volatile elements 

are systematically higher than those of refractory elements is 

a definite fact. An effort to develop a correlation based on tho- 

rough theoretical considerations seems therefore worthwhile. 

4. Chemical stability of homonuclear diatomic molecules. 

The value of a can be shown to correlate with temperature 

variation of the concentration of the molecules relative to the 

atoms in the saturated vapor. Contider 

=^  2 M(s) 

M (s) 5=^  M (g) 

M2(g) - AKo(vap.M2) 

AH0(vap.M) 

M2(g) ^=i  2 M(g) n>2) 

- AH°(vap.M) 

M2(g) 

M (g) ^=-S  M (s) 

Combining (2) and (3) or (4) and (5) we have 

=2S  M(g) + M(a) 

for which the enthalpy change is 

AH°(vap.M) - &H°(vap.M2) - D^(M9) ~ AH°(vap.M) 

which can also be written as: 

AH°(vap.M) (1 - a)/a with a = AH°(vap.M)/D°(Mp) 

From which: 

ov 2 

ov 2 

R d In p(M)/p(M2)   =_ ^H0(vaP.M)(l - a)/a 

dUTH 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

13 



From equation (7), if a is less than unity, the relative 

concentration of M  decreases with temperature. This is the 

case for the molecules well known at low temperatures« By our definition 

these are the molecules of category 1. If a  is greater than unity, 

as in the caseof   C- and the metal-metal molecules for example, 

the relative concentration of molecules in the saturated vapor 

increases with increasing temperature. Such molecules may be 

called the "high temperature molecules". 

That monomer-dimer ratios in saturated vapors may increase 

or decrease with temperature has been discussed in detail and 

(36) 
also explained for the case of halides by Brewer    . It has also 

(37) been shown by Drowart and Goldfinger^  ' that the dimer-tetramer 

ratio for group VB elements may increase or decrease with tempera- 

ture depending on whether vaporization is from the pure element 

or from a compound. 

Apparently, the transition elements form molecules of the 

"high temperature" group. The most recent techniques have not 

been applied to the study of the transition elements, except 

for preliminary experimei'ts on four elements: Mn, Ni , Cr and Pd. 

It is interesting to see to what extent these techniques might 

yield useful information. This discussion will assume techniques 

which can detect one molecule in 10  atoms: for example mass 

spectrometry or spectroscopy• 

u 



Assuming these experimental limits, we now calculate 

what temperatures and metal vapor pressures will be necessary 

to observe molecules if a be equal to 2 (category 2) or 5 

(category 3). 

The free energy change corresponding to the overall 

reaction (6) is given by 

AF(6) = RT In p(M2)/p(M) = AH°(vap.M) - AH°(vap.M2) + TA(fef) 

= AH°(vap.M)(l - a)/a  + TA(fef)     (8) 

where(fef), the free energy function, is equal to (F_-II )/T. 

AF/ \ can be considered as a quantitative expression of the 

chemical stability for homonuclear diatomic molecules. 

5. Calculation of the change in the free energy function for the 

reaction M (g) ^ 'fc M(g) + n{a). 

(a) The free energy functions of the diatomic molecules are 

calculated according to the equation 

fefw =[117/2   In   T  -t-   5/2   InM  +   2   Indl   -   14,308  +  fef   ,,+  fef   ,      (9) 
M2      L ' ! v!b e 1      x    ' 

where T is the temperature in 'K ; M is the atomic mass of the 

element constituting the molecule expressed in a.m.u. ; d the 
0 -1    -1 

internuclear distance in A and H = 1,987 cal.degree  mole  , 

the gas constant. Vibrational free energy functions, fef .. , 

(3ö) for the harmonic oscillator are given in tables by Pitzer    , 

15 



Numeroua correlations have been proposed, between internuclear 

distances and force constants, and between force constants,disso- 
n 

ciation energies and internuclear distances. These corre- 

lations have been reviewed by Clementi^   who also proposed 

a relation between interatomic distances and atomic numbers. 

However, for the transition elements, none of the necessary para- 

meters are known and the following procedure has been adopted: 

twice the atomic radii for single covalent bonds given by Pauling 

have been used for the interatomic distances ; the values of (jj 

were chosen by analogy with those known for the molecules of the 

elements at the beginning and at the end of each period. Disre- 

garding at first the electronic free energy function, fef  , 

concerning which practically nothing is known, one obtains values 

for fef.. varying bv not more than - 1 e.u. about the average 
M2 

values given in table 3 ; the agreement is as good for cases for 

which good calculations have been made as for groups IA and VIB, 

of course taking into account fef,in the the latter case. 
el 

(b) For the solids, fefr,."». and for monoatomic vapors, fef. , 

the data, were taken from the table of Stull and Sinke   , For 

the third period the sum fef,. + fefr..^ at 10000K is given in 

table 4 as an example. Apparently the average given in table 4 

is good within - 1.5 e.u. At higher temperatures and for periods 

4 and 5 the fluctuations are somewhat larger. For the rare earths 

there occurs a maximum lying 6 e.u. above the average. 
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c (c) For Afef of eq.(8) it is propoaed to calculate an 

average value for each period and for each temperature as 

given in table 3, where <Afef>= ^fef ^M-i> + <fefVI> - <fefM> + 2.2 

In this way instead of a risk of addition or errors one expects 

rather a  partial cancellation. In fact, the sum fefr«i1+ ^e^Vi 

may be higher than the average for two reasons: (l) many low 

lying atomic energy states, (2) low lattice vibration frequencies. 

In the first case, many low lying energy states may also be 

expected in the molecule, in the second, e.g. by Baughan's 

rule,     a low value of [x)   and a large value of d and fef.. 
M2 

is expected and vice versa. Of course it is unrealistic to take 

an electronic degeneracy of 1 for the molecule ; we have  taken 3 

as an average and have added therefore 2.2 to £. fef. 

It seems thus that for L   fef an uncertainty of about - 2 

e.u. could result from fef , (electronic degeneracy between 1 
el 0 

•A. 

and 10) and a total uncertainty of - 4 to 5 e. u. is a fair 

estimate. It is not believed however that a better guess  can 

be made without definite data at least on vibration frequencies 

and electronic states of molecules. An improvement could  be 

made if an approximate value of D   is known. To a large  value 
M2 

of ü  , or small a will correspond a large u; and a small d and 
M2 

hence  a smaller fef,.  ; one could thus calculate a first 
M2 

17 



approximation of D (M_) using ^A fef^ , then correct accordingly 

A fef and recalculate a second approximation of D (M-). As 
O  tf 

the estimate stands it could lead to an error in D (MQ) of 

4 - 5, 8 - 10 or 12 - 15 Kcal at 1000, 2000 or 3000*K res- 

pectively or to an uncertainty of - 1 log,- unit in the estimates 

of table  5. 

6. Conclusions. 

In this paper two correlations have been proposed. The 

first relates the dissociation energy of homonuclear diatomic 

molecules to the lattice energy of the corresponding elements. 

The second relates the lattice energy to the promotional 

energy of a configuration composed of low-lying excited levels 

of the atoms. 

If Pauling's theory of a resonating bond for the alkali 

metals can be extended to all elements of categories 2 and 3, 

and the correlation between lattice energies and promotional 

energies finds a sound theoretical basis (maybe based on 

energies of interaction of electrons with random spins) it 

would also be  possible to understand more fully the bonding between 

isolated atoms and predict dissociation energies of yet unknown 

molecules. 

18 



Unfortunately, existing data are still insufficient  to 

permit one to predict values of a (and hence dissociation 

energies pf the homonuclear diatomic molecules) for the transi- 

tion elements, as the two correlations overlap only for group 

IB whose elements have complete d subshells. For this group 

however, one finds that the dissociation energies of the 

diatomic molecules are related with the availability of bon- 

ding low-lying eicited levels of the atoms. 

It actually therefore seems important to obtain experimental 

data on the transition element diatomic molecules to have 

an idea of the incidence of d electrons on bond energies. 

To this effect from eq.(8) and the free energy functions  given 

in table 3, we have calculated temperatures and pressures 

of monoatomic species at which Pw/pw   reaches 10  for a — 2 

and a = 5. These values are given in table 5. 

As can be seen from this table, the experimental condi- 

tions required are very severe for most cases if a = 5, and 

for many cases even if a = 2. Indeed, conventional mass spectro— 

metric techniques wi11 have to be seriously improved to permit 

one either to reach the temperatures or to handle the pressures 

in the extreme cases. 

19 
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Legend to Table 1. 

Under the chemical symbols are listed in ordert the 

enthalpies of vaporization, the dissociation energies of the 

homonuclear diatomic molecules when available, and the value 

of a = AH (vap.M)/!) (M2). Data not otherwise marked were taken 

from      and when necessary reduced to O'K with data in   . 

Beneath some recent data, reference numbers are indicated in 

brackets. Estimated reduction to O'K is marked   ; where a 

reasonable reduction did not seem possible the temperature ('K) 

is given in brackets. 
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TABLE 2.   Comparison of Dissociation Energies of Diatomic 

Molecules of Elements of Group IB and of the 

Halogens. 

Mo lecule   Dü(kcal/moler16'   Molecule   D0(kcal/mole)^4^ 

Cu2 45.5 

Ag2 37.6 

Au2 51.5 

25 

C12 57.1 

Br, 45.4 

l2 35.6 



TABLE 3. 

Mean values of free energy functions. 

Period 1000«K 2000»K 3000»K 

Sc   -  Zn "   < fefM >    * M2 

"   <fef
M+[M]> 

<Afef> 

61.0 

52.9 

10 

66.9 

61.8 

7 

70.7 

68.0 

5 

Y  - Cd 
"   <fefM2>     ^ 

- <fefM^D> 
<Afef> 

65.1 

55.3 

12 

71.2 

63.3 

10 

74.8 

69.8 

7 

La  - Hg -<fefM2>     * 

-   <fefM+M> 
<Afef> 

68.7 

57.6 

13 

74.9 

64.4 

13 

78.5 

71.7 

9 

^fefu S  does not take into account the electronic 
M 

quantum  weight   of   the  molecule   and  thus: 

< Afef>=.<fef    >  *   <fefM +    ^j) +  2.2 
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■■ 

TABLE  4. 

Element -  fe 'fclj- '"i1 ) Eleme nt - '•'$ - '-'i" 
Ca 50.26 Co 53.81 

Sc 53.55 Ni 54.45 

Ti 53.55 Cu 50.69 

V 58.77 Zn 52.21 

Cr 50.58 Ga 56.95 

Kin 52.62 Ge 51.40 

Fe 53.50 As 53.09 
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TABLE  5 

Temperatures   and  pressures   of   monoatomic   species   for uriiich 

PM2   / PM     =   10~5 

Element a = 2       I 
1 

a = 5 

T»K - log PM T«K - log PM 

Ca 600 9.5 1050 3.2 

Sc 1250 7.3 2200 1 .5 

Ti 1850 5.8 3250 0.6 

V 2050 5.3 3600 0.1 

Cr 1500 6.1 2600 0.7 

kin 1000 7.5 1750 1.6 

Fe 1600 6.0 2800 0.8 

Co 1650 5.9 2 850 0.7 

Ni 1650 6.0 2900 0.6 

Cu 1250 7.4 2200 1.7 

Zn 450 3.7 750 3.1 

Sr 600 8.5 350 4.4 

Y 1500 8.0 2600 2.0 

Zr 2250 7.0 4000 - 

Nb 2950 5.1 4000 - 

Mo 2500 6.2 4000 - 

Tc 2450 6.1 4000 - 
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TABLE 5 (CONT«D) 

TK 
" l08 P« 

T»K " 1OK PM 

Rn 225U 5.9 4000 — 

Fib 2000 6.8 3950 0.1 

Pd 1300 8.6 2200 2.7 

Ag 1000 8.3 1600 2.9 

Cd 300 13.4 600 3.8 

Ba 600 10.1 950 4.5 

La 1350 9.4 2250 3.3 

Hf 2450 7.6 4000 - 

^ 2900 6.7 4000 - 

W 3100 5.4 4000 - 

He 2900 6.6 4000 - 

Os 2350 6.8 4000 - 

Ir 235Ü 7.0 4000 - 

rt 1900 7.8 3600 0.9 

Au 1200 9.2 1950 3.3 

Hg - - 350 3.8 
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